In this report, gold nanorods (GNRs) were used to enhance the sensitivity of the wavelength-modulated surface plasmon resonance (SPR) biosensor. The GNRs were designed and fabricated through seedmedicated growth and surface activation by a layer of a weak polyelectrolyte, poly(acrylic acid) for the attaching antibody. Rabbit anti-goat IgG was immobilized on GNRs, and sandwich assays were carried out to detect goat IgG using a wavelength-modulated SPR biosensor. The detection sensitivity of the nanorod-conjugated antibody is 25-100 times more sensitive than the SPR biosensor without GNRs. Drastic sensitivity enhancement, owing to the electromagnetic interaction between the nanotag and the sensing film, was maximized using the longitudinal plasmonic resonance of the GNRs. GNRs could significantly enhance the sensitivity of the SPR biosensor, and the maximum enhancement effect can be achieved when the longitudinal SPR peak wavelength of GNRs functionally matches the surface plasmon wavelength.
Introduction
The use of surface plasmon resonance (SPR) biosensors has evolved into a promising technique for biological analysis applications, because they possess an extreme sensitivity to plasmon resonance caused by environmental changes and they remove the requirement for extrinsic biomolecular labeling [1] . However, these researches mainly focus on studying the binding processes between large biomolecules; small molecules are seldom detected by conventional SPR technique directly because the changes in the refractive index resulting from the binding processes of small biomolecules are often small. In order to extend the application of the SPR biosensor and develop a novel SPR sensor for detection of general small molecules with high sensitivity and selectivity, several research groups have been carried out to improve the resolution of the SPR-based measurement of refractive index changes [2, 3] as well as toward the amplification of the sensor response. Now, the nanoparticle-enhanced method has proven to be convenient for the SPR biosensor, which can amplify the signal of ultrasmall biomolecules [4] . Specifically, the use of nanoparticle tags/labels results in a dramatic enhancement of SPR biosensor sensitivity due to two main factors: (i) an increase in the bulk refractive index of the analyte and (ii) coupling between the localized surface plasmon resonance (LSPR) of metallic nanoparticles and the SPR of the sensing film [5, 6] . Gold nanorods (GNRs) possess two principal plasmon absorption bands: one is the transverse plasmon band, corresponding to light absorption and scattering along the short axis of the particle, and the other is the longitudinal plasmon band, corresponding to light absorption and scattering along the long axis of the particle. The former is located in the visible region of the electromagnetic spectrum at ≈520 nm, while the latter is aspectratio-tunable from the visible to the near-IR region of the electromagnetic spectrum [7] . In this study, a GNR-enhanced wavelength-modulated SPR biosensor is proposed. We believe that the nanorod (NR) surface will provide more surface area for analyte absorption, thus increasing the dynamic range; more importantly, the localized surface plasmons (LSPs) will be generated inside the NRs under certain structural conditions; therefore, the SPR properties can be enhanced due to the interaction between the LSPs and surface plasmons. The NRs will be more sensitive and convenient compared to using nanoparticles having a sphere structure resonantly coupled with the gold film of the wavelength-modulated SPR.
Materials and Methods

A. Materials
HAuCl 4 • 3H 2 O, cetyltrimethylammoniumbromide (CTAB), the polyelectrolyte poly(acrylic acid, sodium salt) (PAA), sodium chloride (NaCl), ascorbic acid, and silver nitrate were purchased from Beijing Chemical Reagents (Beijing, China). N-hydroxysuccinimide (NHS), N-ethyl-N-[(dimethylamino) propyl]carbodiimide (EDC) were obtained from the Shanghai Medpep Co., Ltd. (Shanhai, China). Mercaptoundecanoic acid (MUA) was obtained from Sigma-Aldrich. Goat IgG and rabbit anti-goat IgG were obtained form Biodee Biotechnology Co., Ltd. (Beijing, China). All of the chemicals, unless mentioned otherwise, were of analytical reagent grade and used as received.
B. Preparation of Gold Nanorods
Colloidal Au-NRs were synthesized using a typical seed-mediated solution phase approach, as previously described [8] [9] [10] [11] . Au nanoparticle seeds were synthesized in advance for fabrication of the GNRs. In a 10 ml glass vial, 5 ml of 0:2 M cetyltrimethylammonium bromide (CTAB) solution was mixed with 5 ml of 0:5 mM gold (III) chloride hydrate (HAuCl 4 ). Then 0:6 ml of ice-cold 0:01 M sodium borohydride (NaBH 4 ) solution was quickly injected at room temperature, leading to the formation of a brownishyellow solution. The seed solution was vigorously stirred for 30 min and then kept at room temperature. We refer to this mixture as the seed solution. Next the growth solution was prepared-1:5 ml of 0:02 M HAuCl 4 and 1:0 ml of 0:01 M AgNO 3 were added to 30 ml of 0:1 M CTAB, followed by the addition of 0:8 ml of 0:08 M ascorbic acid. The ascorbic acid here worked as a mild reducing agent and changed the solution from dark yellow to transparent. Finally, 70 μl of the seed solution was added to the growth solution. The resulting mixture was left undisturbed for 24 h at room temperature. Au-NRs were purified from the excess surfactant solution by centrifugation (13,000 rpm for 15 min). The aspect ratio of the GNRs can be controlled by changing the amount of seed solution, ascorbic acid solution, and AgNO 3 solution.
C. Preparation of Antibody-Conjugated Au Nanorod
Synthesized GNRs have a bilayer of surfactant hexadecyltrimethylammonium bromide (CTAB) on their surface acting as a stabilizer to prevent aggregation. Excess CTAB in the solution is removed by centrifugation at 5900 rpm for 60 min. After removing excess CTAB, the GNRs form a pellet at the bottom of the tube.
The GNRs are finally dispersed in deionized water to achieve a molar concentration of 0:01 M of GNRs in the solution. A layer of is adsorbed onto the surface of the GNRs by adding 1:5 ml of 10 mg ml −1 PAA solution to 1 ml of the GNR solution. The mixture is stirred for 3 h followed by two cycles of centrifugation and redispersion to remove excess PAA in the solution. The layer of PAA provides the −COOH functional group required for the conjugation. The PAA-coated NRs are dispersed in 1 ml of PBS 6.0 buffer solution followed by the addition of 100 μl of 0:2 M EDC [Nethyl-N -(3-dimethylaminopropyl) carbodiimide] and 100 μl of 0:2 M NHS (N-hydroxy-succinimide).
After 20 min, the reaction mixture was added to 20 μl of rabbit anti-goat IgG. The EDC/NHS mixture forms an active ester intermediate with the GNRs, which undergoes an amidation reaction with the −NH 2 group in the rabbit anti-goat IgG to yield the conjugate. The reaction mixture is stored in a refrigerator at 4°C overnight following centrifugation and redispersion in the buffer to remove the unconjugated drug.
D. Procedure of Wavelength-Modulated SPR Biosensor Measurement
The measurements have been carried out using our homemade wavelength-modulated SPR biosensor (Fig. 1) . The sensing film was functionalized with goat IgG antibody, and the signal was monitored using our setup. As shown in Fig. 2 , a sharp increase in the wavelength signal occurred upon the addition of IgG-containing PBS solution. The system was left to settle for 60 min to allow a layer of IgG to form on the gold surface. The PBS was rinsed again to confirm the functionalization.
Results and Discussion
Highly monodispersed Au-NRs were systematically characterized using UV-VIS absorption spectroscopy (Lambda 850, PerkinElmer, U.S.) and transmission electron microscopy (TEM) (s4800). Figure 2 shows the TEM images of Au-NRs and their corresponding absorption spectra. The estimated diameter and the length are 20 and 42 nm for NR-630, 20 and 47 nm for NR-650, 18 and 52 nm for NR-690, and 16 and 50 nm for NR-734, respectively. Different aspect ratios (length versus diameter) of the Au-NRs can be achieved by manipulating the synthesis parameters. In general, when the aspect ratio of the NRs increases, a redshift of the longitudinal LSPR peak is observed.
In order to clarify and identify the mechanism of sensitivity enhancement, we performed a systematic study of the plasmonic coupling. The same concentrations of NR-630, NR-650, NR-690, and NR-734 were conjugated to anti-IgG using the above-described protocol. Plasmonic coupling was then examined by introducing these bioconjugates onto the IgGmodified sensing film. Figure 3 shows the magnitude change of the enhancement factor as a function of the Au-NRs' LSPR peak wavelength, and each set of experiments was repeated three times (Fig. 4) . It is worth noting that the errors can be attributed to the random orientation of Au-NRs, uneven coverage of bioconjugates on the sensor surface, and variations of the Au-NRs-film distance.
As shown in Fig. 4 , the maximum enhancement effect was obtained when the NR-630 sample was used as the amplification labels. It should also be noted that the resonance wavelength is 632 nm in this study. Based on these facts, we hypothesize that the LSPR wavelength dependence of the enhancement factor is due to the presence of plasmonic coupling between the Au-NRs and the Au sensing film, and the maximum enhancement effect can be achieved when the LSPR peak wavelength of the Au-NRs functionally matches the resonance wavelength. A simplified representation of a plasmonic Au-NR interaction with a gold film is shown in Fig. 5 . Assuming the Au-NRs as a polarizable dipole, for the longitudinal mode, an image dipole is induced in the film in response to the presence of an Au-NR. The in-plane (parallel to the film) dipole moments of the image are opposite to those of the Au-NR, so that maximum plasmonic coupling between the Au-NRs and the Au sensing film will happen when the LSPR peak wavelength of Au-NRs matches the resonance wavelength of the SPR. To confirm it, we used finite element analysis (FEA, COMSOL Multiphysics 3.5) to simulate the coupling. The results presented in Fig. 6 clearly show that the evanescent field of the film resonantly excites the longitudinal plasmonic resonance of a GNR with 40 nm length, 20 nm diameter [ Fig. 6(b) ] and 30 nm length, 20 nm diameter [ Fig. 6(c) ]. The field is greatly enhanced in the gap between the rod and the film. These findings demonstrate that tuning the longitudinal LSPR of GNRs enables achievement of the maximum enhancement of biosensor sensitivity owing to resonant plasmonic coupling between the NRs and the sensing film.
Conclusion
In summary, we have demonstrated greater than 25-to 100-fold enhancement of sensitivity of a wavelength-sensitive SPR biosensor with the use of GNRs as powerful amplification labels. The correlation between the enhancement factor and the longitudinal LSPR of NRs has been observed. When the longitudinal LSPR peak wavelength of Au-NRs matches the resonance wavelength of the SPR, the biosensors have achieved maximum enhancement of the biosensor sensitivity. The NR-to-film plasmonic coupling has been identified to be the main reason for the enhancement. This finding will allow us to significantly improve the detection sensitivity by using appropriately engineered bioconjugates.
